ABSTRACT: Marine mussels Mytilus edulis (L.) of different ages were exposed to copper (50 pg I-') for up to 6 d and then transferred back to clean seawater. Copper exposure induced lysosomal destabilisation in the digestive cells of mussels of all ages. However, the mussel's ability to restore lysosomal integrity declined with increasing age. Lipid in the digestive cells of all mussels was associated with lysosomes after 6 d of copper exposure but its distribution returned to normal in all but the oldest mussels following reimmersion in clean seawater. The lipofuscin content of the digestive glands of all the mussels remained unchanged during copper exposure but increased in the oldest mussels following reimmersion in seawater. These findings indicate that mussels of all ages display a similar susceptibility to stress, but their capacity to recover and hence adapt to environmental changes declines with Increasing age.
INTRODUCTION
There is little information on the relationship between age and stress response and recovery in mussels. As mussels are iteroparous organisms whose reproductive effort and gamete production increase with age (Bayne 1976 . Bayne et al. 1983 . an increase in their susceptibility to, and a decline in their ability to recover from, environmental stress would have deleterious consequences for the population and ultimately for the species. Furthermore, in view of the widespread use of mussels as environmental sentinels, it would be important to take account of any age-related differences in their response to stress and subsequent recovery.
Copper is a common pollutant of the marine environment and it induces cellular reactions in mussels by reacting with the structural and enzymic components of cell membranes, and successively with soluble enzymes, metabolites and organelles. Copper accumulated in the digestive gland cells of mussels has a half-life of about 9 d (Viarengo et al. 1985) . Excess ' Present address: Royal Commission on Environmental Pollution, Church House, Great Smith Street, London SWlP 3BZ, United Kingdom copper ions stimulate the synthesis of metallothioneins which are concentrated in the digestive cell lysosomes. The copper ions are detoxified by binding to the sulphydryl groups of these metallothioneins. Lysosomes containing the metallothioneins are transformed into residual bodies which may be stored or exocytosed thus eliminating the copper (Viarengo 1989) . Copper ions also stimulate oxyradical production and lipid peroxidation in the digestive gland of mussels, resulting in elevated levels of malondialdehyde (MDA) and lipofuscin, the latter being detected in lysosomes (Viarengo et al. 1990 ). Lipofuscin traps copper ions thus contributing to their detoxication (George & Viarengo 1985 , Viarengo 1989 . Consequently, the lysosomal vacuolar system, which is well developed in the molluscan digestive gland, plays a vital and major role in the detoxication and elimination of copper.
If the copper sequestering capacity of the lysosomes becomes overloaded, the excess copper ions can cause much disruption at the cellular level. They can: disrupt cell membranes by catalysing lipid peroxidation reactions; inhibit sulphydryl group enzymes such as DNA and RNA polymerases, either by direct binding or by decreasing the level of antioxidants, particularly glutathione (GSH) (Viarengo et al. 1990) ; reduce the synthesis and increase the catabolism of proteins; destabilise lysosomal membranes, resulting in the possible release of hydrolytic enzymes and also leading to autophagy (Viarengo 1989) . In addition, exposure of mussels to a copper and diesel oil mixture has been shown to result in increased levels of unsaturated neutral lipids in the digestive cells of mussels (Capuzzo & Leavitt 1988 , Lowe 1988 , Moore 1988 .
The objective of this study was to examine the influence of age on mussels' response to and recovery from copper exposure. Lysososomal membrane stability and levels of unsaturated neutral lipids and lipofuscin in digestive gland cells were the indices measured.
MATERIALS AND METHODS
Experimental details. Mytilus edulis (L.) of the 3 age groups, 2-4, 6-8 and 210 yr, were collected from Beggar's Island near Plymouth (UK) in July 1988. They were selected on the basis of a von Bertalanffy growth curve (a revised version of the curve by Bayne & Worrall 1980) relating shell length to age for this population. The mussels were acclirnated for 10 d in polypropylene tanks through which aerated, filtered, recirculating seawater at 12 k 1 'C and 33 k 1 %O s a h t y flowed continuously. They were fed ad libitum on the alga Phaeodactylum tncornutum during the acclimation period after which feeding was terminated and the seawater filtered to remove organic matter, thus maximising the bioavailability of copper. The experimental mussels (14 per age group and sampling time) were exposed to 50 pg copper 1-' in a flow-through seawater system. The dosing rate of the copper stock solution was based on the mussels' biomass and was adjusted as mussels were sacrificed. Vigorous aeration of the seawater ensured a homogeneous distribution of copper, and a build-up of copper in the tanks was minimised by clean~ng the tanks every 2 d. Faeces were removed daily to reduce the likelihood of copper binding to the organic matter therein.
Groups of 14 mussels of each age group were sacrificed after 1, 3 and 6 d exposure to copper The remaining mussels were transferred to clean seawater, fed for 3 d to encourage depuration of copper and facilitate recovery, and starved for a further 3 d to purge the gut before the mussels were sacrificed. Control mussels (n = 14) of each age group were sampled at 0, 6 and 12 d.
Portions (3 to 4 mm3) of digestive glands of all the mussels sampled were taken to determine their copper content. Further portions (3 to 4 mm3) were removed for cytochemical determination of lysosomal membrane stability and levels of unsaturated neutral lipids and lipofuscin. These tissues were placed on aluminium chucks, quenched in hexane (-70°C), doublewrapped in parafilm and stored at -70°C.
Copper analysis. Analysis of the copper content of mussel digestive glands was based on the methods of Bryan & Hummerstone (1971 , 1977 and involved acid digestion of groups of 7 portions of digestive gland per age group and sampling time. This was followed by atomic absorption using a Pye Unicam SP9 spectrophotometer at a wavelength of 324.8 nm with an airacetylene flame, background correction and external standards. Recoveries of copper were checked by the standard additions method. The copper concentrations, expressed as pg g-' wet wt, were inversely transformed, as the standard deviations of these data were proportional to the square of their means, and tested for significant differences at the 5 % level using a 2-way analysis of variance.
Cytochemical determinations. Lysosomal stability: Cryostat sections (10 pm) of digestive glands of all the mussels were reacted for lysosomal membrane stability based on the cytochemical latency of P-Nacetylhexosaminidase (NAH), as described previously (Moore 1988) . Twelve assessments of labilisation period were made in duplicate sections for each mussel using a Zeiss microscope (~4 0 0 ) .
The results were tested for significant differences at the 5 % level using the non-parametric Friedman's and KruskalWallis tests.
Unsaturated neutral lipids: Unsaturated neutral lipid levels were determined in 10 pm fixed cryostat sections of digestive glands using the Oil Red 0 reaction (Bancroft 1967) . Twenty measurements per mussel (10 per duplicate section) were made at random in the apical region of the digestive tubules at 530 nm, using a Vickers M85 scanning integrating rnicrodensitometer (x400; mask area = 130 pm2; measuring beam diameter = 0.5 km; slit width = 30). The results were logarithmically transformed to correct for unequal variances and analysed using a 2-way analysis of vanance at the 5 % level.
Lipofuscin: Fixed cryostat sections (10 pm) of digestive glands of control (0 d) and experimental mussels were stained for lipofuscin using the Schmorl reaction (Bancroft 1967) and stored in the dark until measurements were made. The area and lipofuscin content of each of 6 digestive tubules (3 per duplicate section), selected at random, were measured for each mussel using the Kontron M14 image analyser interfaced to a Reichert Polyvar microscope at x800 magnification. Each lipofuscin reading was divided by the area of the tubule in which it was determined, and was expressed as machine units of absorbance. The data were inversely transformed and analysed using a 2-way analysis of variance at the 5 % level.
RESULTS

Tissue copper concentration
Initially, copper concentrations in the digestive glands of control mussels differed with age, being highest in the youngest mussels and lowest in the oldest mussels (Fig. 1) . However, these differences were reduced at subsequent sampling times (6 and 12 d). Copper accumulated only in the oldest mussels after 1 d exposure (~5 0 . 0 5 ) but afterwards it increased in the digestive glands of all mussels (p 2 0.05). Following reimmersion in clean seawater for 6 d, copper concentrations declined in all mussels, to levels found in the 3 d copper-exposed mussels (p > 0.05). Throughout the experiment copper concentrations were highest in the youngest mussels.
Lysosomal membrane stability Latent activities of NAH were similar in the digestive cells of all control mussels at each sampling time (Fig. 2) . The labilisation period of NAH in all mussels remained unchanged following initial copper exposure but subsequently declined sharply (pS0.05). A dramatic increase in the enzyme latency in each age group was recorded 6 d after reimmersion in clean seawater (p10.05). However, the latent activity of NAH in the oldest nlussels was still depressed relative to that in the younger age groups (p 10.05).
Unsaturated neutral lipids
Unsaturated neutral lipids were present in the digestive cells of the control mussels as droplets. There was no consistent pattern in lipid levels among the musselsExposure Recovery
Time (d)
2-4 yr 6 -8 y r A > l O y r Effects of copper exposure and subsequent immersion in 'clean' sealvater on the labilisation period of latent NAH in the digestive cell lysosomes of mussels of different ages. Medians (n = 14) are shown of different a g e groups (Fig. 3) . Lipid content in the youngest mussels increased following 3 and 6 d copper exposure while levels in the oldest mussels remained relatively constant throughout the experiment. Lipid levels in the 6-8 yr mussels fluctuated, increasing after 1 d exposure and again after 6 d . Lipid levels were consistently higher in the youngest mussels than in the other age groups whose lipid levels were similar. Following 6 d copper exposure, lipid in the digestive cells of all mussels was associated with enlarged lysosomes, and the number of cytoplasmic lipid droplets increased a t this time. The lipid content of the 2-4 a n d 6-8 yr mussels declined following reimmersion in clean seawater and for mussels of each age group was The lipid levels in the oldest mussels remained relatively constant throughout the exposure and recovery periods. Lipids remained associated with lysosomes in the oldest mussels only.
Lipofuscin
Lipofuscin was detected in the secondary and tertiary lysosomes of the mussel digestive cells. There were no marked age-related differences in the lipofuscin content of the controls ( p > 0.05) (Fig. 4) . Lipofuscin levels were relatively constant for all mussels throughout the experiment, with the exception of the oldest mussels in which lipofuscin increased sharply 6 d after reimmersion in clean seawater (p S0.05).
DISCUSSION
Initial age-related differences in the copper concentrations of the control mussels might reflect differences in the field (i.e. higher copper concentrations in the youngest mussels) whlch had not been negated during the acclimation period. The age-related decline in the extent of copper accumulation in mussel digestive glands, observed in this experiment, has been recorded previously in a study involving mussels of sizes equivalent to the youngest and oldest mussels in this study (Ritz et al. 1982) . Copper concentrations in all mussels declined following reimmersion of the mussels in seawater.
Copper analysis of the mussel digestive glands permitted direct comparison of copper concentrations with cellular reactions in this organ. Accumulation of copper induced lysosomal destabilisation in all mussels. Generally, the degree of destabhsation reflected the copper concentration in the digestive gland and was not related to the mussel's age. Secondary lysosomes in the digestive glands of all the mussels appeared enlarged after 6 d copper exposure. These reactions are indicative of autophagy.
The restoration of lysosomal integrity in the 2-4 and 6-8 yr mussels following 6 d reimmersion in clean seawater appears to be related to these mussels' ability to excrete copper from their digestive glands, as demonstrated previously by Moore et al. (1984) . The > 10 yr mussels, however, showed only partial recovery of lysosomal integrity despite a similar decline in copper concentration in their digestive glands. This suggests that the oldest mussels are less able than younger ones to recover from copper-induced stress and will therefore suffer greater autophagic breakdown of their tissues.
The slight increases in the lipid content of the digestive cells of all the mussels following exposure to copper for 1 d were detected in the cytoplasm and were not associated with lysosomes. It seems unlikely, therefore, that this change constituted an autophagic reaction, particularly as the copper concentrations in the digestive glands of these mussels remained generally similar to those of the controls. The youngest mussels were the first to show an increase in lipid content (after 3 d copper exposure) and this probably reflected the copper concentration in their digestive glands which was higher than in other age groups at this time. The increase in lipid levels in the 6-8 yr mussels only after 6 d, when the copper concentration in their digestive glands was similar to that measured in the 2-4 yr mussels after 3 d exposure, suggests that this response is dependent upon a certain level of copper being reached in the digestive gland and is not age-dependent, at least in mussels up to 8 yr of age. The association of lipids with enlarged lysosomes in the 2-4 and 6-8 yr mussels following 6 d copper exposure indicates that copper has induced autophagy in these animals and this is consistent with the disruption of lysosomal integrity seen in these mussels at this time.
Lysosomal accumulation of unsaturated neutral lipids in the digestive cells coincident with a reduction in hydrolase latency in enlarged secondary lysosomes has been demonstrated previously in small mussels contaminated by polyaromatic hydrocarbons, polychlorinated biphenyls and metals (Capuzzo & Leavitt 1988 , Lowe 1988 . Moore 1988 .
Enlargement of lysosomes in the digestive glands of 2 10 yr mussels following 6 d copper exposure is indicative of autophagy. This reaction has been induced by a lower concentration of copper than was found to merit the same response in the younger mussels. It is possible, therefore, that the oldest mussels are more susceptible than the younger ones to autophagy induced by copper.
The decline in the lipid content of the digestive cells of the 2-4 and 6-8 yr mussels to control levels and its presence in the cytoplasm as droplets after 6 d reimmersion in clean seawater indicates recovery in these mussels following excretion of copper from their digestive glands. The persistence of the lysosomal accumulation of lipids in the oldest mussels, despite a reduction in the copper concentration in their digestive glands, suggests that these mussels are less able to recover from the autophagic reactions induced by copper than the younger mussels.
The absence of any significant changes in the levels of lipofuscin in the digestive gland cells of all mussels during copper exposure means that lipid peroxidation was not induced despite the promotion of autophagy and disruption of lysosomal integrity. Increased concentrations of lipofuscin in the digestive cells have been reported previously for mussels exposed to copper (Viarengo et al. 1987 (Viarengo et al. , 1990 ) and other metals (Regoli 1992) in the laboratory and in the field. However, the copper concentrations in the digestive glands of these mussels were higher than those measured in the present study.
The dramatic rise only in lipofuscin levels in the oldest mussels after 6 d reimmersion in clean seawater (~5 0 . 0 5 ) suggests that these mussels are more susceptible to lipid peroxidation. This is consistent with the persistence of autophagic reactions in the oldest mussels and with previous observations of an age-related decline in the level of the antioxidant, glutathione, in mussel digestive cells (Viarengo et al. 1991) .
Lysosomes in mussel digestive cells are a recognised site for oxyradical generation (Winston et al. 1991) , hence the older mussels' loss of ability to recover may well be linked to radical-induced damage of their lysosomes by copper ions, coupled with the loss of intralysosomal protective capability.
